. 69:6697-6704, 1995). One of these proteins, cyclin E, is a key determinant of cell cycle progression during G 1 , and its mRNA levels are significantly increased in HCMV-infected fibroblasts (B. S. Salvant, E. A. Fortunato, and D. H. Spector, J. Virol. 72:3729-3741, 1998). To determine the molecular basis of this effect, we have examined the events that occur at the endogenous cyclin E promoter during the course of infection. In vivo dimethyl sulfate footprinting of the cyclin E promoter revealed several regions of protection and hypersensitivity that were unique to infected cells. In accord with this observation, we find that the virus-induced cyclin E transcripts initiate downstream of the start site identified in mock-infected cells, in regions where these newly appearing protected and hypersensitive sites occur. Viral gene expression is required for this induction. However, the viral immediate-early proteins IE1-72 and IE2-86, either alone or in combination, cannot induce expression of the endogenous cyclin E. The virus must progress past the immediate-early phase and express an early gene product(s) for activation of cyclin E expression. Moreover, IE1-72 does not appear to be required, as infection of cells with an HCMV mutant containing a deletion in the IE1-72 gene leads to full upregulation of cyclin E expression. Using electrophoretic mobility shift assays with infected cell extracts and a region of the cyclin E promoter that includes two previously defined E2F sites as the probe, we detected the appearance of an infection-specific banding pattern. One of the infection-specific bands contained the proteins E2F-4, DP-1, and p130, which were maintained in the infected cells as uniquely phosphorylated species. These results suggest that an altered E2F-4-DP-1-p130 complex along with viral early gene expression may play a role in the transcriptional regulation of cyclin E mRNA during HCMV infection.
Human cytomegalovirus (HCMV), a member of the betaherpesvirus family, exerts many different effects on the host cell during infection (15) . The virus optimizes the conditions of the cell for its replication by activating the expression of genes that will assist in its DNA synthesis. At the same time, the virus inhibits host cell DNA synthesis by an undefined mechanism that coincides with viral gene expression (5, 11, 25, 35) . Since the virus is not competing with the host cell for resources, it is able to maximize its replication. Our interest lies in how HCMV alters the cell cycle at the transcriptional level in order to achieve this effect.
The cell cycle is a dynamic process requiring that all components adhere to strict temporal and spatial requirements. The cyclins are key regulatory factors that are controlled by a variety of mechanisms including phosphorylation, association with their respective cyclin-dependent kinases (cdk's), gene expression, protein stability, subcellular localization, and degradation (2, 14, 21, 51, 54, 55) . One of these cyclins, cyclin E, is expressed in the G 1 phase of the cell cycle and associates with cyclin-dependent kinase 2 (cdk2). This association along with phosphorylation of the kinase by cyclin-activating kinase activates cdk2. The activated kinase complex is then responsible for several phosphorylation events that are required for progression into the S phase of the cell cycle.
The E2F family of transcription factors also plays a central role in cell cycle control. These transcription factors regulate expression of genes involved in cell cycle progression (cyclin E, cyclin A, cdc2, and cdc25), transcription (E2F-1, b-myb, p107, and c-myc), and DNA synthesis (DNA polymerase ␣, cdc6, dihydrofolate reductase [DHFR] , thymidine kinase, HsOrc1, and H2A) (10, 18, 20, 22-24, 26, 29, 34, 43-45, 47, 48, 52, 56, 58, 63) . In the classic model of E2F site regulation, an E2F family member, E2F-1 to -6, forms a heterodimer with a DP family member, DP-1 to -3, and this complex binds to an E2F site on the DNA (consensus TTTCGCGC). The presence of a pocket protein (Rb, p130, or p107) is thought to be repressive, and the sequential phosphorylation of the pocket protein by cyclin D-cdk4/6 and cyclin E-cdk2 results in its release from the complex and activation of transcription by the remaining heterodimeric complex. Subsequent phosphorylation of the heterodimeric complex by cyclin A-cdk2 is believed to lead to the release of the complex from the DNA.
Rb, p107, and even p130, which is most often associated with a repressive G 0 complex, have all been detected in E2F-containing complexes in S-phase cells, suggesting that the presence of a pocket protein is not always an indicator of inhibition (2, 33, 40) . In addition to their role in transcription, the pocket proteins p107 and p130 can bind to cyclin E or A-cdk2 complexes and inhibit their kinase activity (7, 62) . The role of p107 and p130 in the cell cycle is further complicated by the fact that they can simultaneously interact with E2F transcription factors and cyclin-cdk complexes. It is not clear what role the E2F-cyclin-cdk-pocket protein complexes may play in a cycling cell. These types of complexes are commonly detected in electrophoretic mobility shift assays (EMSAs) using extracts from S-phase cells, suggesting that these complexes are not inhibitors of transcription (33) .
Our lab and others have shown that HCMV infection affects many factors involved in the regulation of the cell cycle, leading to arrest of the cell prior to mitosis (3-6, 11, 16, 25, 35, 42, 50) . These effects include upregulation of cyclin E and its associated kinase activity, downregulation of cyclin A and its associated kinase activity, sustained levels of cyclin B, hyperphosphorylation of Rb, stabilization of p53, altered subcellular localization of cdk2, and sequestration of p53 and replication protein A into viral replication centers.
Recently, we demonstrated that cyclin E upregulation in HCMV-infected cells occurs at the transcriptional level (50) . In uninfected cells, E2F factors appear to regulate the transcription of cyclin E in a cell cycle-dependent manner through specific binding sites in the promoter, which are located approximately 100, 600 (two sites), 1,000 (two sites), and 1,100 bp from the translation start site (18, 45) . However, it is still not certain which of these sites are most important for regulation of cyclin E transcription, as two independent groups have arrived at different conclusions based on the results of mutagenesis experiments and transient-transfection studies (18, 45) . In addition, these two groups detected transcription start sites different from those of one another. Different transformed cell lines were used by the two groups, and this may explain the discrepancies. In a separate study, Bresnahan et al. (3) used cyclin E promoter constructs and transient-transfection assays to examine the regulation of this promoter by HCMV. The results of their transfection studies suggested that the viral immediate-early (IE) protein IE2-86 was the major transactivator of the cyclin E promoter and that the E2F sites were not required.
The goal of the work presented here was to determine the molecular basis of the upregulation of cyclin E transcription by HCMV when the endogenous promoter is in its normal chromatin context. We show that the primary HCMV-induced cyclin E transcripts initiate further downstream than the cyclin E transcripts in mock-infected cells. In accord with these observations, we demonstrate, by in vivo footprinting of the cyclin E promoter, protection as well as hypersensitivity of downstream sites in infected cells. Some of these sites overlap the region that contains the two E2F sites that were shown by Ohtani et al. (45) to be important for cell cycle-mediated regulation of cyclin E transcription. At the same time, we observed that the steady-state levels and patterns of phosphorylation of E2F and Rb family members are specifically altered by infection. We further find that virus-induced complexes, one of which consists of E2F-4, DP-1, and p130, bind to this region of the promoter with kinetics that parallel the induction of the cyclin E transcript. We also show that the induction of cyclin E transcription requires viral gene expression. However, in contrast to what was suggested by the results of Bresnahan et al. (3) , we find that IE2-86 alone cannot induce the endogenous cyclin E promoter. Another major viral IE protein, IE1-72, also cannot activate the endogenous cyclin E promoter when expressed alone or in combination with IE2-86. Rather, the results of kinetic experiments suggest that a viral gene product(s) in the early class, expressed after the IE phase, is necessary for the induction of cyclin E expression. Moreover, based on the results of infection with an HCMV mutant virus containing a deletion of the IE1-72 gene, it appears that this gene product is not required for the virus-mediated upregulation of cyclin E.
MATERIALS AND METHODS
Cell culture and virus. Human foreskin fibroblasts were obtained from the University of California, San Diego, Medical Center and cultured in minimum essential medium with Earle's salts (MEM) (Gibco-BRL) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Summit Biotechnology), 50 g of gentamicin sulfate (Omega Scientific) per ml, 1.5 g of amphotericin B (Omega Scientific) per ml, 2 mM L-glutamine (Bio-Whittaker), 200 U of penicillin (Omega Scientific) per ml, and 200 g of streptomycin (Omega Scientific) per ml. Cells were kept in incubators maintained at 37°C and 7% CO 2 . The Towne strain of HCMV was obtained from the American Type Culture Collection (VR 977) and propagated as previously described (57) . The RC303⌬Acc strain of HCMV contains a deletion in exon 4 of UL122-123 and was a generous gift from Edward Mocarski (41) .
Synchronization and infections. Cells were synchronized in G 0 phase by allowing them to grow to confluence as previously described (16) . Three days after confluence, the cells were trypsinized, replated at a lower density to allow progression into the cell cycle, and infected at a multiplicity of infection of 5 or mock infected with tissue culture supernatants. At appropriate times postinfection (p.i.), cells were washed with phosphate-buffered saline (PBS), scraped, and processed as described for each type of experiment. Alternatively, cells were synchronized by serum starvation for 48 h in medium with no serum and kept in medium with no serum during the course of the infection. The method of synchronization used for each experiment is given in the text.
Construction of recombinant baculoviruses that express the viral IE proteins IE1-72 and IE2-86 is described elsewhere (R. S. Dwarakanath et al., unpublished data). Human fibroblasts were infected with recombinant baculoviruses at a multiplicity of infection of approximately 200. For the experiments depicted in Fig. 8 and 9A, the cells were also infected with a recombinant baculovirus that contained the UL112-113 gene driving chloramphenicol acetyltransferase expression to allow the assessment of activation by viral IE proteins. Inoculum was diluted in MEM plus 10% FBS and left on the cells for 1 h at room temperature during rocking. The inoculum was then removed, and cells were washed in PBS and refed with MEM plus 10% FBS until the time of harvest. At appropriate times p.i., cells were trypsinized, pelleted, and processed as described for each type of experiment. In instances where cells were infected with both recombinant baculoviruses and UV-inactivated virus, cells were first infected with recombinant baculoviruses and then infected with tissue culture supernatants (mock) or with UV-inactivated virus. UV inactivation of virus was performed as previously described (28) .
Western blot analysis. Cells were lysed in Laemmli reducing sample buffer (2% sodium dodecyl sulfate [SDS], 10% glycerol, 100 mM dithiothreitol, 60 mM Tris [pH 6.8], 2 g of aprotinin and leupeptin per ml, 1 mM phenylmethylsulfonyl fluoride [PMSF], 50 mM NaF, 0.5 mM Na 3 VO 4 , 4 mM EDTA, 10 mM Na 4 P 2 O 7 , 1 mM benzamidine, and 1 mM NaS 2 O 5 ). The lysates were then sonicated, boiled for 5 min, and centrifuged for 10 min at 16,000 ϫ g. Samples (100 g/lane) were run on 10% polyacrylamide gels unless otherwise stated. Proteins were transferred to Immobilon P (Millipore) or Protran (Schleicher & Schuell), and Western blot analysis was performed using the appropriate mouse or rabbit antibody followed by the appropriate horseradish peroxidase-linked secondary antibody (Amersham Life Science Products). Proteins were visualized using Pierce Supersignal or Blaze chemiluminescent detection methods (per manufacturer's instructions).
Cycloheximide block and release experiments. Confluence-synchronized cells were replated at a lower density in MEM plus 10% FBS and allowed to settle for 1 h prior to the addition of 100 g of cycloheximide (Sigma) per ml. At 1 h after the addition of cycloheximide, cells were mock or HCMV infected in the presence of 100 g of cycloheximide per ml. At 3 h p.i., cells were washed three times in MEM plus 10% FBS to release them from the cycloheximide block. At appropriate times post-release from cycloheximide, 20 g of actinomycin D (Sigma) per ml was added to the culture medium or cells were maintained in 100 g of cycloheximide per ml for the duration of the experiment. Cells were harvested at 18 h p.i. and processed as described for Western blot analysis.
Immunofluorescence. Glass coverslips were placed in tissue culture dishes at the time of plating prior to mock, HCMV, or baculovirus infection. At 24 h p.i., coverslips were removed from tissue culture dishes and washed twice in PBS, and cells were simultaneously fixed and permeabilized by placing them in 100% methanol at Ϫ20°C for 10 min. Coverslips were washed three times in PBS at this point and before and after all incubations. Coverslips were incubated for 20 min in blocking solution (10% normal goat serum [Jackson Laboratories] in PBS-0.5% bovine serum albumin [BSA] ) and then incubated for 10 min in antibody against the IE1-72 and IE2-86 proteins (CH16.0; Goodwin Institute) diluted 1:3,000 in PBS-0.5% BSA. This was followed by a 10-min incubation in fluorescein isothiocyanate-conjugated goat anti-mouse secondary antibody (Jackson Laboratories) diluted 1:500 in PBS-0.5% BSA. Coverslips were then incubated for 10 min with 2 mg of Hoechst (Calbiochem) per ml diluted 1:500 in PBS-0.5% BSA and mounted onto slides using glycerol-paraphenylenediamine (an antiphotobleaching agent) (Sigma). Images were visualized using a Leitz DMRB fluorescent microscope and were photographed using a Leica DMLD slide camera. Images were arranged and labeled using Adobe Photoshop 3.0 and Adobe Illustrator 6.0.2.
Immunoprecipitation. p130 antibodies (Santa Cruz) or rabbit preimmune serum (collected from a naive New Zealand White female rabbit) was coupled to protein A-Sepharose beads (Pharmacia Biotech) as previously described (30) . Cells were lysed in NETN (20 mM Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, 2 g of aprotinin and leupeptin per ml, 1 mM PMSF, 50 mM NaF, 0.5 mM Na 3 VO 4 , 4 mM EDTA, 10 mM Na 4 P 2 O 7 , 1 mM benzamidine, and 1 mM NaS 2 O 5 ) and subjected to three cycles of freezing and thawing (5 min at Ϫ80°C and then 5 min at 37°C). Lysates were centrifuged to pellet debris, and 5 g of coupled antibody was added to the supernatant and incubated overnight at 4°C during rocking. Coupled antibody was pelleted by centrifugation and washed three times in NETN. The pellet was resuspended in Laemmli reducing sample buffer, boiled, and loaded on a 10% polyacrylamide gel. Gels were transferred and Western blotted as described above, with the exception that protein A-or protein G-horseradish peroxidase was used as the secondary antibody.
Nuclear-cytoplasmic fractionation. For EMSA, nuclear and cytoplasmic fractionation was performed as follows. Cells were pelleted and resuspended in 1 ml of buffer A (20 mM HEPES [pH 7.9], 10 mM KCl, 1 mM MgCl 2 , 10% glycerol, 0.1% NP-40, 2 g of aprotinin and leupeptin per ml, 1 mM PMSF, 50 mM NaF, 0.5 mM Na 3 VO 4 , 4 mM EDTA, 10 mM Na 4 P 2 O 7 , 1 mM benzamidine, and 1 mM NaS 2 O 5 ). This cell lysate was immediately layered onto 1 ml of 37% sucrose and centrifuged for 10 min at 1,320 ϫ g. The top layer (cytoplasmic fraction) was removed and centrifuged for an additional 10 min at 16,000 ϫ g to clear it of membranes. The pellet below the sucrose was lysed in buffer A-300 mM NaCl and subjected to three cycles of freezing and thawing (5 min at Ϫ80°C and then 5 min at 37°C). This nuclear fraction was vortexed for 1 min and centrifuged for an additional 10 min at 16,000 ϫ g to clear it of membranes. Protein concentrations were determined using the Bio-Rad protein assay, and lysates were stored at Ϫ80°C.
For calf intestinal alkaline phosphatase (CIAP) treatment, 100 g of nuclear lysates was incubated with 20 U of CIAP (Gibco-BRL) for 30 min at 37°C. Laemmli reducing sample buffer (3ϫ) was added to make the final concentration 1ϫ, and the samples were boiled and loaded on polyacrylamide gels as described above.
EMSA. Reaction mixtures contained the following: 1ϫ buffer (9), 10% glycerol, 200 ng of sonicated salmon sperm DNA, 5 g of nuclear extract, 20 fmol of appropriate radiolabeled probe, and in some cases a 30 to 300 molar excess of cold competitor probe or 1 to 2 g of specific antiserum. Reaction mixtures were incubated for 20 min at room temperature and loaded on a 4% polyacrylamide gel with 5% glycerol in 0.5ϫ Tris-borate-EDTA. Gels were run in 0.5ϫ Trisborate-EDTA for 2 h at 35 mA per gel, dried down for 1 h at 80°C, and exposed to film.
In vivo DMS footprinting and LMPCR. For in vivo dimethyl sulfate (DMS) treatment, cells were pelleted and resuspended in 1 ml of medium. Cells were warmed to 37°C, 10 l of 10% DMS was added, and cells were incubated for 1 min at 37°C. Cells were immediately transferred to 50 ml of ice-cold PBS and pelleted. Cell pellets were washed in PBS and then resuspended in 2 ml of PBS. Genomic DNA was isolated according to the Qiagen Blood and Cell Culture DNA Midi Kit protocol. Isolated DNA was precipitated, resuspended in 10% piperidine, heated to 90°C for 30 min, and then dried in a SpeedVac concentrator overnight. Treated DNA was used in a ligation-mediated PCR (LMPCR) as previously described (1) . Primers for cyclin E promoter footprinting were as follows: PE1, 5Ј GCG CTC CAG TCC CGG CAG GCG GCG G 3Ј; PE2, 5Ј CGG CGA CGG CAG TGG CGG CGG CGG C 3Ј; PE3, 5Ј CGG CGG CGG CGC CGG GAG TCG GCG G 3Ј; LMPCR.1, 5Ј GCG GCG GCC CCG GCG CTT CGC AGG C3Ј; and LMPCR.2, 5Ј GCC TGC GAA GC 3Ј. PCR was performed as follows. First, the samples were subjected to 5 min of denaturation at 95°C, 30 min of annealing at 72°C, and 12 min of extension at 76°C. During first-strand synthesis, the reaction mixtures contained 2 g of the appropriate DNA, 0.2 mM deoxynucleoside triphosphates (dNTPs), 1 U of GC-rich enzyme mix (Roche Biochemicals), 0.5 M GC resolution solution (Roche Biochemicals), 1ϫ reaction buffer (Roche Biochemicals), and 3 pmol of PE1. LMPCR.1 and LMPCR.2 were annealed to make the unidirectional linker that was then ligated to the first-strand synthesis products as previously described (1) . For the amplification step, the samples contained 1 M G-C resolution solution (Roche Biochemicals), 1ϫ reaction buffer (Roche Biochemicals), 0.2 mM dNTPs, 2 U of GC-rich enzyme mix (Roche Biochemicals), 10 pmol of PE2, and 10 pmol of LMPCR.1. The samples were denatured for 5 min at 95°C and subjected to 35 cycles of 30 s of denaturation at 95°C, 30 s of annealing at 75°C, and 30 s of extension at 78°C. Finally, the reactions were subjected to a 10-min extension at 72°C. For the end-labeling step, the samples contained 1 M GC resolution solution (Roche Biochemicals), 1ϫ reaction buffer (Roche Biochemicals), 0.2 mM dNTPs, 0.5 U of AmpliTaq DNA polymerase (Perkin-Elmer), and 2 pmol of radiolabeled PE3. The reactions were then denatured at 95°C for 5 min and subjected to nine cycles of 30 s of denaturation at 95°C, 30 s of annealing at 76°C, and 1 min of extension at 79°C. A final 7-min extension was performed at 79°C. For in vitro samples and Maxam-Gilbert reactions, genomic DNA was isolated according to the Qiagen protocol and then treated with the appropriate chemical as previously described (1) . The treated samples were subjected to the same LMPCRs as were the in vivo-treated samples. After LMPCR, samples were extracted once with phenol-chloroform-isoamyl alcohol (1) and then precipitated, resuspended in 3 l of loading buffer, and run on a 6% denaturing polyacrylamide gel.
Antisera. Antibodies used in Western analysis were E2F-1 (sc-251), E2F-2 (sc-633), E2F-3 (sc-878), E2F-4 (sc-1082), E2F-5 (sc-1083), DP-1 (sc-610), DP-2 (sc-830), p130 (sc-317), p107 (sc-318), cyclin E (sc-198), and CREB binding protein (CBP) (sc-583), all obtained from Santa Cruz Biotechnologies. The Sp-1 antibody was a generous gift from James T. Kadanoga (University of California, San Diego). The G6PD antibody was a generous gift from Rod Nakayama (University of California, Irvine). The UL44 antibody was a generous gift from Lenore Periera (University of California, San Francisco). CH16.0 was obtained from the Goodwin Institute. Antibodies used for supershift analysis were the same as those used for Western analysis with the addition of Rb ( Primer extension analysis. mRNA was isolated from cells using the Invitrogen FastTrack 2.0 mRNA isolation kit. Primer extension reactions were carried out as described previously (49) using 5 g of mRNA per reaction and the cyclin E-specific primer E3 (5Ј CGG CAG GCG GCG GCG GCG ACG GCA GTG GCG GCG GC 3Ј). Reaction mixtures were precipitated, resuspended in loading buffer, and run on a 6% denaturing polyacrylamide gel. Sanger sequencing reactions were also performed with E3 using T7 Sequenase version 2.0 (U.S. Biochemical).
RESULTS
HCMV uses a new start site to upregulate cyclin E mRNA. Previously, our lab showed that the effect of HCMV infection on cyclin E expression was at the level of transcription (50) . We found that, when G 0 synchronized cells were infected with HCMV as they were released from confluence into the G 1 phase of the cell cycle, there was a significant induction of cyclin E mRNA by 12 h p.i. that was sustained through 96 h p.i. To map the start sites of transcription from the cyclin E promoter in HCMV-infected cells, synchronized foreskin fibroblasts were again infected upon release into G 1 . The mRNA was then isolated at 10 and 48 h p.i. and subjected to primer extension analysis. Figure 1 shows that new start sites were present in the infected cells at ϩ21, ϩ49, ϩ51, ϩ53, ϩ64, ϩ65, and ϩ67 relative to the sequence published by Ohtani et al. (45) . Mock-infected cells showed only one start site, at ϩ32. Interestingly, most infected cell cyclin E mRNA start sites occurred downstream of the previously identified start site (ϩ1 in Fig. 1 ) and of the start site that we detected in mock-infected cells (ϩ32 in Fig. 1 ). As is noted in Fig. 1 , we did not detect use of the previously identified start site at ϩ1. Since there are limits to the primer extension assay, we also performed analysis using a primer that was closer to the previously identified start site and again did not detect use of this site in foreskin fibroblasts (data not shown). These results were confirmed by RNase protection analysis (data not shown).
In vivo footprinting of the cyclin E promoter. Based on the results from the primer extension analysis, we proceeded to examine the downstream region of the cyclin E promoter at 10 and 24 h p.i. To determine if there was a change in the in vivo site occupancy of the cyclin E promoter during the infection, we used the technique of in vivo footprinting. Cells were confluence synchronized and released into G 1 at the time of infection. At 10 and 24 h p.i., cells were harvested, genomic DNA was isolated, and in vivo footprinting was performed as described in Materials and Methods. A large number of changes were observed, and the most notable ones are discussed below. By comparison with the in vitro-treated samples, all in vivotreated samples showed protection at ϩ20, ϩ44, and ϩ64 and hypersensitivity at ϩ23, ϩ31, ϩ42, ϩ57, and ϩ59 (Fig. 2, part  1 ). Some level of hypersensitivity was detected in all in vivo samples at ϩ75. However, this hypersensitivity was stronger in G 0 and infected cells at 10 h p.i. than in the other in vivo samples. We also found that there was protection at ϩ33 in mock-infected cells, most notably at 24 h p.i., and that this residue was not altered in confluent cells in G 0 . Changes in this region are consistent with use of the ϩ32 start site that we detected in mock-infected cells.
In infected cells, all of the observed sites of protection and hypersensitivity occurred downstream of the start site that was previously identified (ϩ1 in Fig. 1 ) (45) . At 10 h p.i., protection was seen in infected cells at ϩ13, which is located within a previously defined E2F site (45) . This was also apparent at 24 h p.i., relative to the mock-infected sample. Also at 10 h p.i., the hypersensitivity of the ϩ75 site was greatly enhanced in infected cells with respect to both the in vitro sample and the 10-h mock-infected sample. At 10 h p.i., infected cells showed protection at ϩ33 but also began to show the ϩ34 hypersensitivity that was seen in infected cells at 24 h p.i. Three additional sites of protection were seen in infected cells at 24 h p.i. One of these sites occurred at ϩ18, just downstream of the E2F binding site that was also protected at 10 h p.i. The other two sites of protection, at ϩ62 and ϩ74, were further downstream. The protection at ϩ62 was followed by a hypersensitive site at ϩ63 at 24 h p.i. Also at 24 h p.i., there was hypersensitivity at ϩ34 and ϩ36 in infected cells compared to all other in vivo samples as well as the in vitro sample. The downstream changes in protection and hypersensitivity in infected cells occurred in the same regions as the HCMV-induced transcription start sites. The minus strand of cyclin E was also footprinted, and no significant changes were detected, as is often the case in these types of experiments (data not shown). Figure 2 , part 2, summarizes the alterations detected on the cyclin E promoter. In the region of ϩ30 to ϩ36, we saw several different effects. In mock-infected cells, there was protection at ϩ33, and this alteration was correlated with the use of the ϩ32 transcription start site. In infected cells, we saw some ϩ33 protection and ϩ34 hypersensitivity at 10 h p.i., and at this same time point, the use of the ϩ32 start site can be detected in addition to the several downstream start sites. However, by 24 h p.i. in infected cells, there is hypersensitivity at ϩ34 and ϩ36 relative to the in vitro sample, and use of the ϩ32 start site can no longer be detected at 48 h p.i. The changes in the infected cells at ϩ62 and ϩ63 are also consistent with the large increase in cyclin E transcripts that initiate at ϩ64 and ϩ65. Lastly, protection at ϩ13 and ϩ18 in infected cells occurs within a region that contains a previously defined E2F binding site. It should be noted that we examined upstream regions of the cyclin E promoter by in vivo footprinting but did not detect any significant alterations in infected cells (data not shown).
Steady-state levels of the factors that regulate cyclin E transcription. Since we were able to detect in vivo site occupancy of a previously defined E2F site in infected cells, we examined the steady-state levels of the transcription factors that are thought to be responsible for regulation of cyclin E transcription (18, 45) . Western blot analysis of members of the E2F family showed no changes in E2F-1, -2, or -3 during a 24-h time course (Fig. 3A to C) . As has been observed by others, we detected several differently migrating forms of E2F-5 (59) . Figure 3E shows that several of them were preferentially lost in infected cells at 16 h p.i. In contrast, the levels of the different forms of E2F-5 did not vary significantly in mock-infected cells throughout the time course.
Several species of E2F-4 were detected in both mock-and HCMV-infected cells (Fig. 3D ). Nuclear and cytoplasmic fractionation was performed on mock-infected and infected cells to examine the forms of E2F-4 that were present in each fraction. Figure 3G shows a representative example of three independent nuclear-cytoplasmic fractionations that were subjected to Western blot analysis using anti-CBP (nuclear) and anti-G6PD (cytoplasmic) specific antibodies to verify the purity of the fractions. Treatment of nuclear lysates with CIAP revealed that all of these forms represent various phosphorylation states (Fig. 3F) . Two exposures of the blot in Fig. 3F are shown so that the mobility of the unphosphorylated form that is detected in the 0-h cytoplasmic fraction, as well as the differences in mobility of the forms of E2F-4 present in mockinfected versus virally infected cells, can be seen more easily. Infected cells showed sustained levels of the two slowest-migrating forms of E2F-4 at 8 h p.i., while mock-infected cells exhibited an increase in the two fastest-migrating forms at this same time point (Fig. 3D) . When E2F-4 was examined in nuclear and cytoplasmic fractions at this same time point (Fig.   FIG. 1 . Primer extension analysis of cyclin E mRNA at 10 and 48 h p.i. mRNA was isolated using Invitrogen FastTrack 2.0, and primer extension was performed as previously described (49) . Arrows indicate locations of transcription start sites relative to the published sequence (45) . The site at ϩ1 is marked to indicate the start site that was previously identified by Ohtani et al. (45) . We do not detect use of this site in fibroblasts. Sanger sequencing reactions using the same primer as was used in the primer extension were performed in parallel. M, mock-infected cells; V, virus-infected cells. 3F), it was apparent that the most highly phosphorylated form of E2F-4 was located in the nuclear fraction. In infected cells, this highly phosphorylated form was maintained in the nuclear fraction and began to appear in the cytoplasmic fraction. In mock-infected cells, the nuclear E2F-4 was a less-phosphorylated form, and in the cytoplasmic fraction, the highly phosphorylated form was not visible (Fig. 3F) . Mock-infected cells maintained high levels of the two fastest-migrating forms of the protein at the 16-and 24-h p.i. time points (Fig. 3D) . In infected cells at 16 and 24 h p.i., approximately equivalent amounts of all three forms were seen, but the total concentration of E2F-4 decreased compared to that in mock-infected cells at these time points.
The heterodimeric partners of E2F, the DP proteins, were also examined by Western blotting. The DP-1 in infected cells at 16 and 24 h p.i. consisted of only the slowest-migrating form of the protein, while three differently migrating species of DP-1 were seen in the mock-infected cells throughout the time course (Fig. 4A) . In the case of DP-2, the slower-migrating form decreased at 16 and 24 h p.i. in infected cells, while levels of the faster-migrating form of the protein were similar in mock-infected and infected cells during the entire 24-h period (Fig. 4B) . For comparison, we show that Sp-1, a transcription factor which can potentially bind to specific sites in the cyclin E promoter, was unaffected by the HCMV infection (Fig. 4C) .
Previously, we reported that, during the HCMV infection, Rb was induced and maintained in its hyperphosphorylated form (25) . However, in that earlier study we did not examine the effects of the infection on the steady-state levels of the two Rb-related pocket proteins, p130 and p107. In Fig. 4D , we show that the amount and mobility of the various forms of p130 fluctuated throughout the time course in mock-infected cells, corresponding with phosphorylation and degradation of the protein (12, 17) . The p130 in infected cells did not reach the third phosphorylation state and hence did not undergo degradation. The protein was migrating slightly slower than that in uninfected confluent cells, consistent with the form 2 of p130 that others have reported (39) . Figure 4E shows that the levels of p107 increased in both mock-infected and infected cells at 16 and 24 h p.i. However, this increase was more striking in mock-infected cells than in infected cells at these same time points.
A virus-induced complex accumulates on the cyclin E promoter. In order to identify which of the above factors might form a complex with the cyclin E promoter, we performed EMSAs with mock-and HCMV-infected nuclear lysates that were prepared at various times after infection of confluencesynchronized fibroblasts. A region of the cyclin E promoter from nucleotide Ϫ21 to ϩ20 was radiolabeled and used as the probe in these experiments. This region of the cyclin E promoter contains the two E2F binding sites located approximately 600 bp upstream from the translation start site that were previously identified by Ohtani and coworkers (45) as being important for cell cycle-dependent regulation of cyclin E transcription. Cells were harvested and fractionated as described in Materials and Methods. Both nuclear and cytoplasmic fractions were subjected to Western blot analysis using anti-CBP (nuclear) and anti-G6PD (cytoplasmic) specific antibodies to verify the purity of the fractions prior to their use in EMSAs (Fig. 3G ).
An EMSA performed with nuclear extracts from a time course experiment demonstrated that infected cells contained two complexes that were not observed in mock-infected cells (Fig. 5A) . One of the infection-induced complexes was visible as early as 8 h p.i. (complex E), while both complexes (E and L) were visible at 48, 72, and 96 h p.i. While it may appear that complex E is present in mock-infected cells at 8 and 12 h p.i., a separate experiment in which the resolution of the gel was increased verified that these two complexes are migrating differently (data not shown). We believe the faint band shift that is seen in mock-infected cells at 8 and 12 h p.i. represents remnants of the G 0 complex, since all cells are not progressing into the cell cycle at exactly the same rate. Several band shifts can be competed with any type of DNA and thus do not represent specific complexes with the cyclin E promoter; these are labeled as nonspecific 1 and 2 (NS1 and NS2).
Competition studies using infected cell extracts from 18 h p.i. showed that complex E could be competed by the wild-type Ϫ21 to ϩ20 probe but not by a probe that had the E2F sites mutated, indicating that complex E was E2F specific (Fig. 5B) . In addition, several other known E2F sites were able to compete for complex E, supporting the notion that it is a bona fide E2F complex. In a separate experiment, using extracts from 96 h p.i., complex L was competed by the E2F mutant probe, indicating that it is not E2F specific (data not shown). Probes corresponding to regions downstream of ϩ20 on the cyclin E promoter did not show any significant complex formation in EMSAs during the first 24 h p.i. (data not shown).
To determine which proteins were present in the above complexes, we used supershift analysis with specific antibodies. For reference and comparison, a radiolabeled probe containing the DHFR dyad E2F site was used in an EMSA with 24-h-p.i. mock-infected nuclear lysates. The banding patterns that were seen with this probe were supershifted by a combination of antibodies to E2F-1, -2, and -3 and E2F-4 and -5 as well as cyclin A, p130, Rb, and DP-1 antibodies (Fig. 6A) . With antibodies to individual E2F species, we were able to show that the complexes contained E2F-2, E2F-3, and E2F-4 (data not shown). This experiment was performed to demonstrate that the complexes that are detected on the cyclin E promoter reflect the differences in the E2F sites on that promoter compared with the DHFR promoter rather than some aspect of how the lysates were prepared or the state of the cells. These results using the DHFR promoter as a probe document that the cells do contain these E2F complexes and that they can be supershifted by the antibodies used in the assays. Hence, our inability to detect certain forms of E2F binding to the cyclin E promoter is due to differences in the promoter.
Supershifting studies, using infected cell nuclear extracts from 18 h p.i. and the cyclin E probe, demonstrated that complex E contained p130 (Fig. 6B) . The addition of antibodies against E2F-4 or DP-1 resulted in a loss or decrease in the intensity of complex E. A portion of this EMSA is shown with the contrast adjusted so that the supershift or loss in intensity can be more clearly visualized. These data indicate that complex E contains E2F-4, DP-1, and p130. Although Rb could be detected in a complex with the cyclin E probe when both mock-infected and infected cell extracts at later time points were used, this band shift (R) was not altered by HCMV infection (data not shown and Fig. 5A ). The pocket protein p130 was also detected in a band shift in confluent uninfected cells, but this complex migrated faster than the one that we detected in infected cells (complex E). This suggests that complex E may contain other as-yet-unidentified factors or that the different phosphorylation states of E2F-4, DP-1, and p130 are affecting the mobility of the complex.
p130 and E2F-4 remain associated in vivo in their specific states of phosphorylation in infected cells. The above experiments demonstrated that E2F-4 and p130 were maintained in specific phosphorylation states in infected cells. Moreover, these two proteins were present in nuclear lysates from infected cells and were shown to associate with the cyclin E promoter in EMSAs. To determine if these proteins were associating in vivo, a coimmunoprecipitation assay was performed. Rabbit preimmune serum or p130 antibody was incubated with total-cell lysates from mock-infected cells from 12 h p.i.; immunoprecipitates were subjected to SDS gel electrophoresis and Western blotted for p130 and E2F-4. Figure 7A shows that the p130-specific antibody, but not rabbit preimmune serum, was able to immunoprecipitate these proteins, demonstrating both their in vivo association and the specificity of the interaction with the p130 antibody. To determine which forms of these proteins were associating in vivo, total-cell lysates were prepared from mock-and HCMV-infected cells at 8 and 24 h p.i. The p130 was immunoprecipitated from the lysates using a p130 antibody, and the immunoprecipitates were subjected to SDS gel electrophoresis. The proteins were then analyzed by Western blotting with antibodies to p130 and E2F-4. Figure 7B demonstrates that there is an in vivo association between E2F-4 and p130 in mock-infected and infected cells at 8 and 24 h p.i. This association was clearly seen in both mock-infected and infected cells at 8 h p.i., with the infected cells showing association with only the highly phosphorylated form of E2F-4. However, at 24 h p.i. in mock-infected cells the association of the two proteins was greatly diminished as the cells were entering into S phase. In contrast, the association was maintained in infected cells, and the majority of the p130-associated E2F-4 was in the highly phosphorylated form.
HCMV IE proteins IE1-72 and/or IE2-86 is not sufficient to induce expression of endogenous cyclin E. Previously published data implicated the viral IE protein IE2-86 as playing a role in the HCMV-mediated upregulation of cyclin E (3). In that study, it was demonstrated that the viral IE protein IE2-86 but not IE1-72 could upregulate the cyclin E promoter in a transient-transfection assay in an E2F-independent manner (3). Using an in vitro footprinting assay, this group also showed that recombinant IE2-86 could bind to a region of the cyclin E promoter from ϩ35 to ϩ66. Interestingly, that region not only coincided with the region where we detected alterations in our in vivo footprint but flanked the initiation sites of the major HCMV-induced cyclin E transcripts. Because these prior experiments were performed as transient expression assays in which the cyclin E promoter linked to a reporter gene was transfected into U373 cells, an astrocytoma cell line, we felt that it was important to determine if IE2-86 could be playing a role in the upregulation of cyclin E in an in vivo context. We chose to do so by examining the effects of the viral IE proteins IE1-72 and IE2-86 on the endogenous cyclin E promoter in permissive human fibroblasts.
In order to achieve high efficiency of expression of the viral IE proteins in primary fibroblasts, we utilized a recombinant baculovirus system. Recombinant baculoviruses were constructed that expressed the genes of interest under the control of the chicken actin promoter; this promoter is transcriptionally silent in Sf9 cells but active in mammalian cells, resulting in a high level of expression of the gene of interest (53) . Construction of recombinant baculoviruses that express IE1-72 or IE2-86 is described elsewhere (R. S. Dwarakanath et al., unpublished data).
These recombinant baculoviruses were used to express the viral IE proteins IE1-72 and IE2-86 in fibroblasts. Cells were confluence synchronized, trypsinized, replated, and allowed to settle for 1 h before mock, HCMV, or baculovirus infection. Infections were performed as described in Materials and Methods. At 24 h p.i., cells were processed for Western blot analysis or immunofluorescence. The level of expression of IE1-72 and IE2-86 was determined by staining coverslips with CH16.0, an antiserum which will recognize both IE proteins; cells were counterstained with Hoechst stain to identify the total number of cells. The DHFR probe was radiolabeled and combined with 5 g of nuclear lysate obtained from mock-infected cells at 24 h p.i. The indicated antiserum was added to the reaction to determine if the band shifts could be supershifted or abrogated by the specific antiserum. (B) The CYCE E2F DS probe was radiolabeled and combined with 5 g of nuclear lysate obtained from HCMV-infected cells at 18 h p.i. The indicated antiserum was added to the reaction to determine if complex E could be supershifted or abrogated by the specific antiserum. The supershift that was produced by the addition of p130 antibody is marked by an arrow. A portion of the gel was cropped and the contrast was adjusted in order to better visualize the effects of the antiserum.
IE2-86 expressed from baculovirus is able to efficiently transactivate the viral UL112-113 early gene promoter driving the chloramphenicol acetyltransferase gene that is on a separate baculovirus vector. In addition, the baculovirus expressing IE1-72 is able to complement an HCMV mutant virus containing a nonfunctional IE1-72 gene. (R. S. Dwarakanath et al., unpublished data).
Western blot analysis of the lysates from the above experiment demonstrated that expression of IE1-72 or IE2-86 did not lead to an increase in the levels of cyclin E either alone or in combination (Fig. 9A) . Since it is known that viral gene expression is required for the HCMV-mediated upregulation of cyclin E, we wanted to determine if input virus particles coupled with IE1-72 or IE2-86 expression were sufficient to induce cyclin E to the levels that are seen during an infection. Cells were serum starved as described in Materials and Methods and infected with recombinant baculoviruses followed by mock or UV-irradiated virus infection. At 24 h p.i., cells were processed for Western blot analysis. Figure 9B demonstrates that UVinactivated virus alone or with IE1-72 or IE2-86 expression did not result in an increase in the levels of cyclin E. Hence, the HCMV-mediated upregulation of cyclin E cannot be recapitulated by expression of IE1-72 or IE2-86 in combination with input virus particles.
IE1-72 is not required for the HCMV-mediated upregulation of cyclin E. While the above experiments demonstrated that expression of IE1-72 or IE2-86 does not lead to an increase in the levels of cyclin E, they did not address whether either of these proteins was required for the HCMV-mediated upregulation of cyclin E. To address this question, the use of a mutant virus was employed. RC303⌬Acc is missing exon 4 of the UL122-123 coding region, which results in a virus that does not express the IE protein IE1-72 (41) . Cells were serum starved and mock, HCMV, or RC303⌬Acc infected. They were then harvested for Western blot analysis at 24 h p.i. Figure 10 shows that infection with RC303⌬Acc led to an increase in the levels of cyclin E that was comparable to that seen in cells infected with the wild-type Towne strain. Hence, IE1-72 was not required for the HCMV-mediated upregulation of cyclin E.
Early gene expression is required for the HCMV-mediated upregulation of cyclin E. Since our observations suggested that IE1-72 and IE2-86 were not directly responsible for the HCMV-mediated upregulation of cyclin E, we sought to determine which phase of viral gene expression was temporally associated with the upregulation of cyclin E. Cells were confluence synchronized and replated in MEM plus 10% FBS in the presence of cycloheximide in order to halt protein synthesis. They were then mock or HCMV infected in the presence of cycloheximide to allow for accumulation of viral IE transcripts and released from cycloheximide for various times prior to the addition of the transcription inhibitor, actinomycin D. Lysates were prepared from cells at 18 h p.i.; the proteins were subjected to SDS electrophoresis and analyzed by Western blotting for the presence of the HCMV IE1-72 and IE2-86 proteins ( Fig. 11A and D) , the HCMV 50-kDa UL44 early gene product ( Fig. 11B and E) , and cyclin E (Fig. 11C and F) . Viral IE proteins were detected after release from the cycloheximide block (Fig. 11A, lanes 8, 10, 12 , 14, and 16, and 11D, lanes 2, 4, 6, 8, 10, 12, and 14) but not in cells that were maintained in cycloheximide (Fig. 11A, lane 4) , demonstrating that protein synthesis was completely inhibited. The activation of early genes by the IE factors was detected by the expression of UL44 at various times post-release from cycloheximide block. The level of this protein increased as the time interval between cycloheximide release and the addition of actinomycin D was lengthened (Fig. 11B, lanes 12, 14, and 16, and 11E, lanes 4, 6,  8, 10, 12, and 14) . However, despite the appearance of the IE gene products and the demonstration of their ability to activate UL44 early gene expression, levels of cyclin E were not increased under these conditions (Fig. 11C) . Only when cycloheximide was released at 3 h p.i. and actinomycin D addition was delayed until 7 h p.i. or later was there HCMV-induced cyclin E expression (Fig. 11C, lane 16, and 11F, lanes 8, 10, 12 , and 14). As expected, HCMV-infected cells that were not treated with either drug showed a marked increase in the levels of cyclin E (Fig. 11C, lane 2) . Taken together, these data suggest that viral early gene expression is required for the induction of cyclin E expression.
DISCUSSION
Downstream regions of the cyclin E promoter are important for HCMV-mediated upregulation. We have shown that the HCMV-induced cyclin E transcripts initiate further downstream than the cyclin E mRNA present in mock-infected cells. This change in start site is coincident with the appearance of protection and hypersensitivity in the in vivo footprint of infected cells. In G 0 cells, we detected protection at several sites, ϩ20, ϩ44, and ϩ64, and hypersensitivity at ϩ23, ϩ31, ϩ42, ϩ57, ϩ59, and ϩ75. However, with the exception of the ϩ75 hypersensitive site, the same changes were seen in all in vivo samples compared to the in vitro sample. Differences that were detected in the ϩ33 to ϩ36 region correlate with the use of the ϩ32 start site in mock-infected cells. In accord with these results, mock-infected cells showed protection at ϩ33, which was very near the transcription start site that was utilized in these cells. At 24 h p.i. in infected cells, we did not observe protection of the ϩ33 site, but we did observe hypersensitivity of both the ϩ34 and the ϩ36 sites. This result was consistent with this region of the promoter not being utilized in the same manner in infected cells as it was in mock-infected cells.
At 10 h p.i. in HCMV-infected cells, a protected site within the downstream E2F site at ϩ13 was detected. This was also apparent at 24 h p.i., with the addition of a protected site at ϩ18. The ϩ13 and ϩ18 protected sites in infected cells correlate well with the presence of an E2F-4-DP-1-p130 complex bound to that region, as was demonstrated by EMSA. Moreover, the downstream sites of hypersensitivity and protection in infected cells (ϩ62, ϩ63, ϩ74, and ϩ75) occurred in the region where the major virus-induced transcripts initiated.
E2F phosphorylation and complex formation during HCMV infection.
HCMV infection altered the steady-state levels of several factors that are thought to regulate cyclin E gene expression. In HCMV-infected cells, DP-1 levels were maintained in a slower-migrating form. E2F-4 was maintained in a slower-migrating form in infected cells throughout the time course, while in mock-infected cells it shifted to a faster-migrating form at 8 h p.i. It remains to be determined whether the various forms of E2F-4, which arise from differential phosphorylation, differ in their transcriptional activity.
The pocket protein p130 exhibited increased levels of a partially phosphorylated form of the protein in infected cells throughout the time course. The temporal regulation of p130 phosphorylation that was seen in mock-infected cells was typical of cells leaving quiescence and traversing into S phase, at which point the protein was degraded. In a recent study, it was shown that the murine cyclin E promoter was negatively regulated by E2F-4-DP-1-p130 complexes and that entry into the cell cycle resulted in the release of this complex from the DNA (32) . Consistent with these data, we detected p130 in gel shift complexes from quiescent, confluent cells. However, we were also able to detect p130, E2F-4, and DP-1 in the infectioninduced complex (E) as early as 8 h p.i. In addition, complex E migrated slower than the quiescent p130 complex, indicating that there may be an additional factor or factors in this infection-induced complex. Alternatively, since we have shown via Western blotting that both p130 and E2F-4 are sustained in specific phosphorylation states in infected cells, the change in mobility may be related to the differential phosphorylation of these proteins. In contrast to the persistence of the E2F-4-DP-1-p130 complex on the cyclin E promoter with lysates from infected cells, these proteins in the mock-infected-cell lysates do not form a complex with the cyclin E promoter after release from confluence.
In a previous report, it was noted that an HCMV-induced E2F-containing complex could associate with the DHFR promoter (61). The DHFR complex was different from the one that we have detected on the cyclin E promoter. It contained components of an S-phase-specific complex, while the infection-induced complex associating with the cyclin E promoter contains components of a G 0 -phase complex. It seems very likely that HCMV utilizes different methods to control these two E2F-regulated promoters. These data also support the notion that E2F regulation of transcription is not the same on all promoters.
The temporal kinetics of the appearance of an infectioninduced complex in EMSAs correlates with the HCMV-induced upregulation of cyclin E mRNA. However, in the past, the presence of an E2F-4-DP-1-p130 complex has been considered to be an indicator of inhibition. This paradox can be explained by the altered phosphorylation states of E2F-4 and p130 that are seen in infected cells. It has been demonstrated that phosphorylation of the pocket domain of p130 abrogates its ability to act as a repressor (8, 27, 37, 39) . In an uninfected cell, p130 reaches a third phosphorylation state in S phase and is targeted for degradation (12, 17) . The release of pocket protein-mediated repression has always been associated with the hyperphosphorylation of the pocket protein which results in its disassociation from the E2F complex. However, moderate phosphorylation could interfere with the repressive function of a pocket protein while still allowing it to remain in a complex with E2F. More evidence for this model comes from data that show that cyclin E-or cyclin A-associated cdk activity can relieve p130-mediated repression but that only cyclin A can efficiently phosphorylate E2F-DP complexes and reduce their DNA binding affinity (13) . Since it has been established that cyclin A-associated kinase activity is inhibited during HCMV infection, the cyclin E activity could relieve the p130-mediated repression without causing release of the complex from the DNA. Whether the infection-induced complex is responsible for the HCMV-mediated upregulation of cyclin E remains to be determined. However, additional evidence suggesting that the E2F-4-p130 complex may be important in HCMV-mediated upregulation of cyclin E is the observation that infection with UV-inactivated virus has no effect on E2F-4 or p130 and does not upregulate cyclin E. Further studies utilizing stable integrated reporter constructs to assess the role of various cis-acting elements within the cyclin E promoter will be necessary to address this question.
The localization of E2F-4 has been shown to be cell cycle regulated; it is localized to both the cytoplasm and the nucleus during G 1 , but as the cells progress into S phase E2F-4 becomes primarily cytoplasmic (60) . It has also been reported previously that the association of the pocket protein p130 with E2F-4 will facilitate its transport into the nucleus (38) . The slowest-migrating form of E2F-4 remained in the nucleus in HCMV-infected cells. This suggests that the association of E2F-4 with p130 may play a role in retaining the complex in the nucleus. Interestingly, another member of the herpesvirus family, herpes simplex virus type 1, has recently been shown to induce nuclear localization of a phosphorylated form of E2F-4 (46). In addition, it was reported that this modified E2F-4 was associated with the pocket protein p107. The similarity of these results to what we have observed raises the possibility that herpesviruses may use a common mechanism to alter the transcriptional activity of the E2F and pocket protein families.
Although initiation downstream will not affect the protein product of the cyclin E gene, it does suggest that a new type of transcriptional regulation is occurring in HCMV-infected cells. Since cyclin E is normally regulated by the transcription factor   FIG. 9 . Expression of HCMV IE1-72 and that of IE2-86 are not sufficient to induce endogenous cyclin E. (A) Lysates were prepared at 24 h p.i. from the same experiment that was described in the legend to Fig. 8 , and 50 g of total cell lysate was run on a 10% polyacrylamide gel, transferred to nitrocellulose, and Western blotted for cyclin E. M, mock infected; V, virus infected. (B) Cells were serum starved and were mock infected (M), infected with HCMV (V), infected with UV-irradiated virus (UV), mock infected and infected with recombinant baculovirus (M and 72 or 86), or infected with both UV-irradiated virus and recombinant baculovirus (UV and 72 or 86). Cell lysates were prepared at 24 h p.i., and 50 g of total cell lysate was run on a 10% polyacrylamide gel, transferred to nitrocellulose, and Western blotted for cyclin E.
FIG. 10. IE1-72 is not required for the HCMV-mediated upregulation of cyclin E. Cells were serum starved and were mock infected (M), infected with RC303⌬Acc (⌬72), or infected with the Towne strain (V). Cell lysates were prepared at 24 h p.i., and 100 g of total cell lysate was run on a 10% polyacrylamide gel, transferred to nitrocellulose, and Western blotted for HCMV IE1-72-IE2-86 and cyclin E. E2F, it is tempting to speculate that the alterations of the E2F family that are seen in infected cells may be playing a role in this new type of transcriptional regulation. Due to the close proximity of the virus-induced transcription start sites to the mock-infected cell start site, the transcription machinery may be utilizing downstream start sites because the AT-rich region at ϩ1 (Fig. 2, part 2) is blocked by the E2F complexes bound to the E2F sites flanking this AT-rich region. If the E2F-4-DP-1-p130 complex is acting in a repressive manner to inhibit the use of the ϩ32 cellular start site, the basal transcription factors would then initiate transcription downstream in a viral factor-or virus-induced cellular factor-dependent manner. FIG. 11 . Viral early gene expression is required for the HCMV-mediated upregulation of cyclin E. Cells were confluence synchronized and mock (M)-or HCMV (V)-infected in the presence of cycloheximide (CHX). Cells were released from the cycloheximide block at 3 h p.i., and actinomycin D (ActD) was added at various times postrelease (0 to 15 h p.i.). Lysates were prepared at 18 h p.i., and 50 g of total cell lysate was run on a 10% polyacrylamide gel, transferred to nitrocellulose, and Western blotted for IE1-72 and IE2-86 (CH16.0) (A and D), UL44 (B and E), or cyclin E (C and F). It should be noted that the apparent small increase in cyclin E in the mock-infected cells in panel F, lane 5, is due to the presence of BSA (due to inefficient washing of the cells prior to lysis) that comigrated at this position and nonspecifically bound some of the cyclin E antibody.
However, additional support for a model in which the E2F complex is playing an activating or a neutral rather than a repressive role in HCMV-infected cells is provided by the observation that at 48 h p.i. an additional transcription start site is seen at ϩ21. If the E2F complex were playing a repressive role, then it seems unlikely that a new start site would be located proximal to the complex, especially since this new start site is closer to the E2F complex than is the ϩ32 start site.
Expression of HCMV IE proteins IE1-72 and/or IE2-86 does not result in increased levels of endogenous cyclin E-requirement for early gene expression. Recently, transient-transfection experiments using a plasmid consisting of the cyclin E promoter and a luciferase reporter suggested that HCMVmediated upregulation of cyclin E was E2F site independent (3). In that same study, it was reported that cotransfection with a plasmid expressing the HCMV IE protein IE2-86 could transactivate this reporter construct. Because there are many examples where transient-expression assays do not reflect the in vivo situation (19, 28) , it is difficult to directly compare the prior work with our studies, where the endogenous cyclin E promoter was analyzed in an in vivo chromatin context. In order to determine if IE2-86 was indeed playing a role in upregulation of cyclin E in vivo, we asked if expression of IE1-72 or IE2-86 could lead to an increase in endogenous cyclin E levels. As our data clearly show, expression of either protein alone, of the two proteins together, or of the protein or proteins combined with infection with UV-inactivated virus does not lead to an increase in endogenous cyclin E levels. It is interesting to note that the region of the promoter that was identified in our in vivo footprinting studies contains the domain that appeared to form a complex with IE2-86 in an in vitro assay using the purified protein (3). However, the binding of IE2-86 to the cyclin E promoter has not yet been demonstrated in vivo. Moreover, since our studies demonstrate that IE2-86 cannot induce expression of endogenous cyclin E, the relevance of the reported in vitro binding is uncertain. The cycloheximide block and release experiment that was depicted in Fig. 11 demonstrated that, although IE gene products were present in amounts that equaled or exceeded those which are seen during HCMV infection, there was no induction of cyclin E. Only after early gene expression was observed were we able to detect an HCMV-induced increase in levels of cyclin E (Fig.  11E and F) . These data indicate that IE gene expression is not sufficient for the HCMV-mediated upregulation of cyclin E but rather that some early gene product(s) or downstream effector of that product(s) is required for the increased cyclin E expression in infected cells. It should be noted that the possibility of a cooperative effect of an early gene product with an IE gene product cannot be excluded by the results of this experiment. However, it is unlikely that the viral IE protein IE1-72 plays a role in the HCMV-mediated upregulation of cyclin E, since infection with a mutant virus that was missing the IE1-72 gene product was able to efficiently induce cyclin E.
Taken together, the results of our studies show that, once HCMV enters the cell and begins its gene expression, the following chain of events occur: there is an accumulation of a virus-induced complex on the cyclin E promoter as measured by EMSA, downstream start sites are utilized for cyclin E transcription, there is the appearance of more hypersensitive and protected sites as time progresses, and high levels of cyclin E mRNA continue to accumulate. It is no coincidence that the virus upregulates cyclin E and its associated kinase activity. In fact, it has been reported elsewhere that cdk2 activity is required for viral replication (4) . The obvious advantage of upregulating cyclin E expression would be to artificially push the cell into an S-like phase, in which the cell would express DNA replication enzymes and substrates that the virus could use for its replication. Support for this comes from a recent study which has shown that cyclin E expression can push the cell into S phase independently of E2F activity (36) .
The work presented here suggests a role for viral early gene products as well as E2F-4-DP-1-p130 complexes in HCMVinduced upregulation of cyclin E mRNA. Future studies focusing on the functional activity of these complexes in infected cells as well as the identity and role of viral early gene products may help to further define the mechanism by which this upregulation occurs.
